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Ag	 nanorods	may	 serve	 as	 sensors	 in	 the	 detection	 of	 trace	 amounts	 of	 chemical	
agents,	 even	 single	 molecules,	 through	 surface	 enhanced	 Raman	 spectroscopy	 (SERS).	
However,	thermal	coarsening	of	Ag	nanorods	near	room	temperature	limits	their	applications.	
In	this	work,	we	examine	this	thermal	instability	through	molecular	dynamics	simulations	and	
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This	 section	 presents	 our	 motivation	 for	 studying	 materials	 and	 nanotechnology.		
































Modern	 technology	partially	alleviates	 this	 restriction	with	discoveries	 such	as	 the	
scanning	 tunneling	 microscope	 by	 IBM	 in	 1981.	 1	 The	 ability	 to	 experimentally	 view	
nanostructure,	commonly	considered	to	be	structure	with	at	least	one	dimension	less	than	

















no	direct	 limitation	on	 size,	 as	different	models	 can	be	applied	 for	 scales.	 	 For	example,	
macro	 scale	 materials	 can	 be	 studied	 by	 utilizing	 finite	 element	 analysis	 (FEA),	 which	
subdivides	the	 larger	object	 into	smaller	elements.	 	Since	these	elements	are	significantly	
small	and	share	boundaries,	they	can	then	be	solved	by	a	series	of	boundary	value	differential	
equations.	 	4	On	the	smallest	 level,	density	functional	theory	(DFT)	can	be	used	to	model	
individual	 electrons,	 capturing	 the	 quantum	mechanical	 effects	 in	 a	material.	 	Molecular	












































nanoscale	 to	 produce	 properties	 otherwise	 unobtainable.	 	 For	 example,	 capacitance	 is	 a	
function	of	surface	area.		By	coating	the	surfaces	with	nanoparticles,	the	effective	surface	
area	 and	 thus	 capacitance	 can	 be	 increased.	 8	 Nanomaterials	 often	 possess	 material	
properties	 unique	 to	 their	 size	 scale.	 	 Surface	 effects,	 for	 example,	 have	 a	much	 larger	
influence	on	the	nanoscale,	where	a	 larger	percentage	of	the	structure’s	atoms	form	said	
surface.	 	 Nanoscience,	 the	 pure	 research	 of	 nanostructures,	 has	 enormous	 scientific	
importance	as	it	helps	scientists	understand	the	root	crystallographic	causes	of	properties	
























































Molecular	dynamics	 (MD)	 is	a	method	 for	modeling	atomic	structures	 in	which	an	













	 ΣF = m ∙ a	 (1)	
Assuming	a	constant	instantaneous	acceleration	and	integrating	with	respect	to	time	yields	
the	following:	
	 v = v+ + a ∙ Δt	 (2)	
In	equation	(2)	above,	Dt	 is	the	change	in	time,	v	 is	velocity,	vi	 is	 initial	velocity,	and	a	 is	
acceleration.		Integrating	again	with	respect	to	time	yields	the	following:		










been	 done	 for	 every	 atom	 in	 the	 model,	 the	 simulation	 will	 have	 been	 advanced	 by	 a	
timestep	of	Dt.		At	this	point,	one	uses	the	new	positions	to	calculate	the	new	acceleration	
effecting	 each	 atom	 and	 simply	 repeats	 to	 process	 above,	 using	 the	 recently	 calculated	
positions	and	velocities	to	calculate	the	next	set	of	positions	and	velocities.		
While	 the	process	 described	 above	 seems	 simple	 at	 first,	 there	 are	 several	major	












	 𝑎 = 345 	 (4)	
Thus,	in	order	to	calculate	the	acceleration	of	an	atom,	one	must	first	calculate	each	force	














































































neighbor	 lists,	 only	 atoms	 in	 adjacent	 domains	 need	 be	 considered,	 speeding	 up	



















	 𝑉HIJ = 𝑉KK = 𝐹 𝜌MK + F1 𝜑 𝑟KOKO KPO 	 (8)	

























individual	 interactions	 with	 each	 other	 atom	 “j”	 within	 the	 cutoff	 distance.	 	 This	 term	
describes	the	core	repulsive	forces	that	result	when	atoms	get	too	close	to	each	other.		
When	 the	 multi-body	 and	 pairwise	 terms	 are	 combined	 to	 form	 the	 full	 EAM	
potential,	there	is	a	significant	improvement	in	accuracy	over	the	Lennard-Jones	potential.		
The	 dependence	 on	 local	 electron	 energy	 density	 yields	 a	 significant	 improvement	when	














































using	MD,	and	these	will	be	discussed	 in	detail	 later.	 	While	 less	 intuitive,	there	 is	also	a	
limitation	on	how	small	a	simulation	cell	can	be.		When	first	modeling	a	simulation	cell,	one	










































is	 fourteen	orders	of	magnitude	 larger	 than	 the	maximum	number	of	 atoms	 that	 can	be	
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right	 side	 of	 the	 simulation	 cell,	 it	would	 then	 enter	 the	 left	 side	 of	 the	 simulation	 cell.		
Similarly,	an	atom	near	the	right	edge	would	be	effected	by	atoms	near	the	left	edge.		A	
cube	with	periodic	boundaries	 in	all	three	directions	would	effectively	be	an	infinite	bulk,	
with	 the	simulation	completely	 surrounding	 itself	with	duplicates.	 	One	must	note	 that	 if	
periodic	boundary	conditions	are	being	used,	the	minimum	size	of	the	simulation	cell	in	that	
direction	must	be	the	cutoff	distance.		If	a	complete	cutoff	distance	is	not	used	in	a	direction	



















	 𝐸R = F1𝑚𝑣1	 (9)	
In	the	equation	above,	m	represents	mass	and	v	represents	velocity.		Thermal	energy	can	be	
expressed	using	equation	(10).		














method	will	 indeed	control	 the	temperature,	directly	 interfering	with	particle	velocities	 is	
inherently	unphysical	and	will	enforce	and	unrealistic	distribution	of	atomic	velocities.		In	an	





maintain	 temperature.	 	 Unfortunately,	 the	 Berendsen	 thermostat	 suffers	 from	 the	 same	
distribution	issue	as	velocity	scaling.		
	 ]T]^ = T_\T` 	 (12)	
A	better	method	of	controlling	the	system	temperature,	and	the	method	used	in	the	








	 𝐿YK@^bcd = 𝑔 ∙ 𝑘V ∙ 𝑇f ∙ 𝑙𝑛 𝑠 	 (13)	
This	will	 then	modify	 the	equations	of	motion	by	adding	a	 “friction”	 coefficient	Q	 to	 the	
acceleration	equation,	where	Q	is	the	coefficient	for	velocity.			
	 𝑄 = FJ ∙ 𝑚 ∙ 𝑣1 − 𝑘V ∙ 𝑇f 	 (13)	
In	equation	(13)	above,	M	is	the	mass	of	the	virtual	particle.		By	comparing	equation	(13)	to	
equation	(11)	one	notices	that	when	the	average	kinetic	energy	of	the	system	equals	the	
desired	 average	 kinetic	 energy,	 which	 means	 the	 temperature	 is	 equal	 to	 the	 desired	
temperature,	then	Q	will	equal	zero	and	will	not	have	any	effect.		Since	it	is	proportional	to	
velocity,	 the	 larger	 the	 difference	 between	 the	 actual	 temperature	 and	 the	 desired	
temperature	becomes,	the	more	of	an	impact	the	Nosé-Hoover	thermostat	will	have.		This	
helps	to	make	it	an	excellent	method	of	maintaining	a	temperature	equilibrium.		









	 𝜏KO = Fl ∙ −𝑚R ∙ 𝑣RK − 𝑣K ∙ 𝑣RO − 𝑣O + F1 𝑓RdO ∙ 𝑥dK − 𝑥RKdR 	 (14)	












































timesteps	 can	be	more	accurate,	 they	will	 also	 result	 in	more	 iterations	being	needed	 in	
order	 to	 simulate	 the	 same	 amount	 of	 time.	 	 This	 will	 result	 in	 an	 increase	 of	 required	


























(MS)	 calculations	are	used	when	 time	does	not	need	 to	advance.	 	 In	MS,	 atoms	are	not	














Minimization	methods	 work	 by	 calculating	 potential	 energy	 from	 the	 interatomic	
potential	 and	 the	 atom	 positions,	 then	 moving	 atoms	 slightly	 and	 calculating	 the	 total	
potential	energy	again	to	see	if	it	decreased,	and	repeating.		A	commonly	used	method	is	
the	 conjugate	 gradient	 method.	 	 26	 This	 method	 assumes	 that	 the	 best	 method	 of	












































With	 the	 inter-replica	 spring	 forces	 added,	 the	 next	 step	 is	 to	 run	 an	 energy	
































	 Γ = 𝑣 ∙ 𝑒nopqXr	 (13)	
In	 equation	 (13)	 above,	Γ	 represents	 the	 frequency	 of	 diffusion	 jumps,	𝑣	 represents	 the	
vibrational	frequency	of	the	adatom,	Ea	is	the	activation	energy,	kB	is	the	Boltzmann	constant,	

















































known	as	 glancing	 angle	deposition	 (GLAD)	or	 oblique	 angle	deposition	 (OAD).	 32,33	 	 This	
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PVD	 chamber	 will	 lower	 decrease	 the	 vacuum,	 which	 can	 result	 in	 impurities	 in	 the	





























or	 cools	 down.	 	 Finally,	 the	 newly	 vaporized	 atoms	will	 have	 a	 lower	 energy	 than	 those	







EBPVD	 is	 similar	 to	 thermal	 evaporation	 PVD,	 but	 instead	 of	 heating	 the	 entire	 source	
material,	a	thin	electron	beam	is	used	to	vaporize	a	small	local	area.		As	can	be	seen	in	figure	
15	on	the	next	page,	44,45	an	electron	beam	can	be	guided	to	hit	different	area	on	the	source	































to	 better	 understand	 the	 diffusion	 barrier	 for	 these	 dominant	 mechanisms.	 	 With	 these	
modeled,	the	cause	of	the	instability	was	understood	to	be	rapid	surface	diffusion.	






Finally,	 EBPVD	was	 used	 to	 fabricate	 Ag	 nanorods.	 	 Both	 electron	microscopy	 and	
Raman	spectroscopy	were	used	to	test	the	nanorods	thermal	stability	with	and	without	a	thin	
capping	layer	of	TiO2.		This	would	test	the	prediction	made	based	on	the	understanding	gained	
from	 the	MD	simulations	of	 surface	diffusion.	 	 The	electron	microscopy	would	 show	both	
thermal	 stability	 and	 reveal	 the	 nanorods’	 core-shell	 morphologies.	 	 The	 use	 of	 surface	
enhanced	Raman	spectroscopy	would	further	demonstrate	the	thermal	stability	of	capped	Ag	
nanorods	as	sensors.	



















treat	 an	 entire	 atom,	 electrons	 included,	 as	 a	 single	 point	 mass.	 	 This	 assumption	 is	 a	









looking	 for	 full	degradation	of	 the	nanorod,	but	 rather	 the	mechanism	 that	 results	 in	 said	
degradation.		If	the	effect	is	indeed	the	result	of	rapid	surface	diffusion,	a	simulation	lasting	
200	ns	should	be	more	than	enough	to	see	any	relevant	diffusion	jump	mechanisms.		This	can	
be	 shown	quantitatively	 through	 the	Arrhenius	diffusion	equation,	equation	 (13),	which	 is	
repeated	below	for	convenience.			
	 Γ = 𝑣 ∙ 𝑒nopqXr	 (13)	
Many	more	assumptions	are	specific	to	the	simulation(s)	they	are	being	used	for,	and	
will	 as	 such	 be	 investigated	 later	when	 those	 specific	methods	 are	 discussed.	 	 There	 are,	
however,	two	major	overlaying	assumptions	that	must	first	be	addressed:	The	first	is	that	the	
specific	EAM	potential	being	used	accurately	models	the	system.		As	previously	stated,	the	










EAM	 potential	 developed	 by	 Williams	 et	 al.	 47	 because	 it	 has	 been	 successfully	 used	 to	
replicate	 the	 crystal	 structure,	 lattice	 constant,	 elastic	 constants,	 and	 surface	 formation	
energies	of	FCC	Ag.		Before	using	the	potential	however,	these	parameters	were	rechecked	






























111 	and	 111 	crystallographic	directions,	were	again	set	up	with	periodic	boundaries	and	
side	lengths	of	12.27	Å,	slightly	above	two	cutoff	distances.		The	z	direction,	however,	was	set	
up	differently.	 	The	simulation	cell	was	45	Å	tall,	with	atoms	occupying	the	center	36.81	Å	


















On	 the	 nanoscale,	 this	 effect	 is	 paralleled	 in	 nanorods.	 	 Just	 like	 streams	 of	 liquid	
breaking	into	a	stream	of	droplets	 in	order	to	minimize	surface	tension,	thin	nanorods	can	
break	into	an	array	of	nanospheres	in	order	to	minimize	surface	energy.		Since	this	dissertation	
is	 examining	 the	 degradation	 of	 nanorods,	 it	 must	 be	 shown	 that	 the	 degradation	 being	
observed	 in	 the	 simulations	 is	 in	 fact	 the	 result	 of	 rapid	 surface	 diffusion,	 and	not	 simply	
Rayleigh	instability.	
In	order	to	examine	whether	Raleigh	 instability	 is	a	factor	for	Ag	nanorods	of	these	
sizes,	a	 simulation	cell	was	 set	up	 to	 include	an	entire	nanorod,	with	each	end	 free.	 	 The	













Variation	 of	 the	 axial	 direction	 results	 in	 a	 nanorod	 with	 the	 same	morphological	
features	as	the	[111]	orientation	shown	in	Fig	16,	with	the	only	difference	being	the	spacing	























































With	 the	 simulation	 method	 validated,	 we	 must	 now	 explain	 the	 various	





A	 set	 of	MD	 simulations	 was	 used	 to	 investigate	 diffusion	 on	 the	 sides	 of	 the	 Ag	
nanorod	that	represent	the	majority	of	the	surface	area.	As	previously	stated,	in	order	for	our	
proposed	mechanism	of	diffusion	enforced	thermal	instability	to	occur	there	must	be	rapid	
diffusion	 on	 the	 nanorod	 sides,	 as	well	 as	 diffusion	 up	 and	 down	 the	 nanorod	 sides.	 This	



































simulations.	 For	 every	 jump,	 the	 number	 of	 nearest	 neighbors	 of	 the	 jumping	 atom	was	





































adatoms	must	 also	diffuse	up	 and	down	 the	nanorod	 sides,	 axially,	 in	 order	 for	 the	 rapid	























correlation	 to	 temperature.	 For	each	constant	 temperature	 simulation,	 the	 jump	 rate	was	
determined	by	taking	the	slope	of	a	plot	of	total	jumps	with	respect	to	time,	normalized	by	





there	was	 less	 than	a	5%	difference	 in	 the	barriers	 calculated	 from	 the	20	nm	and	30	nm	
diameter	simulations,	showing	that	the	results	are	independent	of	simulation	cell	size.	These	




























































































































With	 this	 understanding,	 we	 understand	 that	 the	 rapid	 surface	 diffusion	 depends	
heavily	 on	 kink	 sites.	With	 free	motion	 up	 or	 down	 the	 nanorod	 sides,	 the	 nanorod	 will	
logically	grow	shorter	and	wider	in	order	to	reach	a	state	of	decreased	surface	energy.	This	
was	 indeed	observed	 in	 the	MD	results	when	 ruling	out	Rayleigh	 instability,	 and	 figure	18	
indeed	shows	the	nanorod	decreasing	in	length	while	increasing	in	width.	Eventually,	this	will	
result	in	the	nanorods	growing	wide	enough	to	merge,	as	depicted	in	figure	31	below.	
























signal.	 9,54,55	 Additionally,	 the	 large	 surface-to-volume	 ratio	 of	 the	 metallic	 nanorods	 is	
optimized	when	 they	 are	well	 separated	and	 small,	 as	 this	 group	 realized	 recently.	 56	 The	





















tall	 and	 25	 cm	 diameter.	 The	 source	 to	 substrate	 distance	 is	 approximately	 35	 cm.	 The	
substrates	are	placed	onto	a	precision	machined	mount	at	the	top	of	the	chamber	and	the	
source	material	 is	placed	 into	 the	electron	beam	hearth	at	 the	base.	The	chamber	 is	 then	







to	be	capped	with	TiO2	are	 returned	to	 the	chamber	at	 the	same	orientation.	TiO2	 is	 then	
deposited	at	a	rate	of	0.1	nm/s	to	a	total	thickness	of	5	nm.		
The	nanorod	samples	are	then	removed	from	their	respective	vacuum	chambers	and	
are	 immediately	 characterized	 using	 SEM,	 TEM,	 and	 Raman	 microscopy.	 	 The	 scanning	
electron	microscope	 is	 an	 FEI	 Quanta	 250,	with	 a	 field	 emission	 source,	 the	 transmission	
electron	microscope	is	a	FEI	Technai	12,	and	the	Raman	system	is	a	Renishaw	Raman	2,000.	
Thermal	 annealing	 is	 performed	 in	 air	 on	 a	 laboratory	 hot	 plate,	 which	 is	 controlled	 and	





seconds.	 Samples	 are	 sensitized	 in	 a	 solution	 of	 5	 mM	 Di-tetrabutylammonium	 cis-
bis(isothiocyanato)bis(2,2ʹ-bipyridyl-4,4ʹ-dicarboxylato)ruthenium(II)	 dye	 (N719)	 (Sigma	
Aldrich)	 in	 99.9	 %	 ethanol	 (Sigma	 Aldrich)	 for	 12	 hours.	 After	 sensitization,	 samples	 are	







As	 a	 reference	 point,	 Figure	 32	 shows	 the	 annealing	 behavior	 of	 uncapped	 Ag	
nanorods.	 The	 as-grown	 uncapped	 Ag	 nanorods	 are	 well	 separated;	 Figure	 32(a).	 After	
annealing	at	50°C	for	10	minutes,	the	uncapped	Ag	nanorods	substantially	merge	with	one	
another;	Figure	32(b).	This	morphological	change	of	Ag	nanorods	at	50°C	indicates	that,	to	




















Figure	 33:	 (a)	 SEM	 image	of	 capped	Ag	nanorods	 as	 grown,	 (b)	 TEM	 image	of	 a	 single	Ag	
nanorod	with	TiO2	capping	primarily	at	the	nanorod	tip	(top),	and	electron	diffraction	pattern	
of	multiple	Ag	nanorods	(bottom).	
Next,	we	 put	 the	 thermal	 stability	 of	 these	 capped	Ag	 nanorods	 to	 the	 test	 under	





coarsening,	 as	 shown	 in	 Figure	 32.	 That	 is,	 the	 capping,	 as	 we	 propose,	 is	 effective	 in	
stabilizing	the	morphology	of	Ag	nanorods;	we	will	come	back	to	the	SERS	sensitivity	of	the	


















tested	here,	and	 in	 the	works	of	Qui	et	al.	 and	Lee	et	al.	 61,62	 For	annealed	nanorods,	we	
measure	the	intensity	at	this	dominating	Raman	shift	location,	1540.18	1/cm,	and	divide	it	by	
the	 intensity	 of	 uncapped	 Ag	 nanorods	 as	 fabricated	 at	 the	 same	 shift	 location.	 This	
normalized	SERS	 intensity	of	the	annealed	Ag	nanorods	changes	as	a	function	of	annealing	
temperature;	 Figure	 35(b).	 Without	 capping,	 the	 normalized	 SERS	 intensity	 precipitously	
decreases	to	0.04	after	annealing	at	100°C,	from	1.00	at	room	temperature;	corresponding	to	



















Ag	 nanorods	 using	 MD	 simulations,	 the	 dominant	 surface	 diffusion	 mechanisms	 were	
observed.	By	testing	these	mechanisms	via	NEB	calculations,	the	associated	diffusion	barriers	
were	 calculated.	 This	 understanding	 of	 the	 atomic	mechanism	 for	 rapid	 surface	 diffusion	
enforced	thermal	 instability	allowed	 for	 the	prediction	of	a	 fabrication	method	that	would	
enhance	 thermal	 stability.	 Specifically,	 this	was	capping	Ag	nanorods	with	a	 thin	dielectric	
layer.	This	method	was	then	tested	experimentally.	EBPVD	was	used	to	fabricate	Ag	nanorods	
with	and	without	a	thin	TiO2	cap.	These	nanorods	were	annealed	and	tested	with	SEM	imaging	







The	 thermal	 instability	 in	Ag	nanorods	was	 shown	 to	be	 the	 result	of	 rapid	 surface	
diffusion.	Furthermore,	it	was	shown	that	this	diffusion	enforced	thermal	instability	could	be	
mitigated	 by	 applying	 a	 thin	 dielectric	 cap	 of	 TiO2.	 Computer	 simulations	 of	 Ag	 nanorods	
showed	that	kink	sites	on	the	surface	play	a	significant	role	in	the	rapid	surface	diffusion	that	
results	in	thermal	instability.	Furthermore,	the	instability	depends	on	atoms	diffusing	off	the	
nanorod	 tip	 to	 diffuse	 down	 the	 sides,	 allowing	 the	 nanorods	 to	 shorten	 and	 fatten	 until	
merging	with	their	neighbors.	With	this	 insight,	we	were	able	to	predict	that	 if	the	surface	
diffusion	was	prevented	 through	 the	means	of	a	 thin	dielectric	 capping	 layer,	 the	 thermal	
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